Strength and other mechanical properties of cement and concrete rely upon the formation of calcium-silicate-hydrates (C-S-H) during cement hydration. Controlling structure and properties of the C-S-H phase is a challenge, due to the complexity of this hydration product and of the mechanisms that drive its precipitation from the ionic solution upon dissolution of cement grains in water.
Departing from traditional models mostly focused on length scales above the micrometer, recent research addressed the molecular structure of C-S-H. However, small-angle neutron scattering, electron-microscopy imaging, and nanoindentation experiments suggest that its mesoscale organization, extending over hundreds of nanometers, may be more important. Here we unveil the C-S-H mesoscale texture, a crucial step to connect the fundamental scales to the macroscale of engineering properties. We use simulations that combine information of the nanoscale building units of C-S-H and their effective interactions, obtained from atomistic simulations and experiments, into a statistical physics framework for aggregating nanoparticles. We compute small-angle scattering intensities, pore size distributions, specific surface area, local densities, indentation modulus, and hardness of the material, providing quantitative understanding of different experimental investigations. Our results provide insight into how the heterogeneities developed during the early stages of hydration persist in the structure of C-S-H and impact the mechanical performance of the hardened cement paste. Unraveling such links in cement hydrates can be groundbreaking and controlling them can be the key to smarter mix designs of cementitious materials.
cement | microstructure | simulations | mesoscale | mechanics U pon dissolution of cement powder in water, calcium-silicate-hydrates (C-S-H) precipitate and assemble into a cohesive gel that fills the pore space in the cement paste over hundreds of nanometers and binds the different components of concrete together (1) . The mechanics and microstructure are key to concrete performance and durability, but the level of understanding needed to design new, more performant cements and have an impact on the CO 2 footprint of the material is far from being reached (2) .
Most of the experimental characterization and models used to predict and design cement performance have been developed at a macroscopic level and hardly include any material heterogeneity over length scales smaller than micrometers (3) . However, EM imaging, nanoindentation tests, X-rays and neutron scattering, and NMR analysis as well as atomistic simulations have now elucidated several structural and mechanical features concentrated within a few nanometers (4) (5) (6) (7) (8) . The hygrothermal behavior of cement suggests a hierarchical and complex pore structure that develops during hydration and continues to evolve (1, (9) (10) (11) . NMR and small-angle neutron scattering (SANS) studies of hardened C-S-H identified distinctive features of the complex pore network and detected significant structural heterogeneities spanning length scales between tens and hundreds of nanometers (12) (13) (14) .
Nanoindentation experiments have highlighted structural and mechanical heterogeneities over the same length scales (15) . Their findings suggested that the internal stresses developed over those length scales during setting may be responsible for delayed nonlinear deformations, such as creep, that ultimately lead to major obstacles when designing the material properties and controlling the durability. Despite these advancements, the link between the nanoscale observations and the macroscale models currently used to predict and design cement performance is missing. Hence, to match the experimental observations, those models use ad hoc assumptions that cannot be independently tested or validated. Providing new quantitative information on the mesoscale texture of cement hydrates and how it may impact the material properties is the conundrum.
Here, we use a statistical physics approach to gain insight into the C-S-H at the scale of hundreds of nanometers based on the knowledge developed at the nanoscale. In our model, the complex pore network and the structural heterogeneities naturally emerge from the short-range cohesive interactions typical of nanoscale cement hydrates and the nonequilibrium conditions under which C-S-H densifies during cement setting. The scattering intensity, pore size distribution (PSD), surface area, local volume fractions, indentation modulus, and hardness measured in the simulations are compared with experiments and provide a first, to our knowledge, consistent characterization of the elusive mesoscale structure of C-S-H.
Significance
Calcium-silicate-hydrate (C-S-H) nanoscale gels are the main binding agent in cement and concrete, crucial for the strength and the long-term evolution of the material. Even more than the molecular structure, the C-S-H mesoscale amorphous texture over hundreds of nanometers plays a crucial role for material properties. We use a statistical physics framework for aggregating nanoparticles and numerical simulations to obtain a first, to our knowledge, quantitative model for such a complex material. The extensive comparison with experiments ranging from small-angle neutron scattering, SEM, adsorption/desorption of N 2 , and water to nanoindentation provides new fundamental insights into the microscopic origin of the properties measured.
Results
In our coarse-grained model for cement hydrates, nanoscale units interact through a short-range attractive potential, prototypical of cement hydrates (16) . The units (or particles) are the nanoscale cement hydrates identified in SANS measurements (4, 17) . To mimic the continuous densification of the C-S-H gel, we combined molecular dynamics (MD) simulations of the interacting nanoscale units with a Grand Canonical Monte Carlo (GCMC) scheme, in which the free energy gain associated to the production of the cement hydrates and the attractive interactions between the nanoscale units drive the aggregation and increase of the density. These nonequilibrium simulations capture a few fundamental features of the kinetics of cement hydration at early stages (18, 19) . Here, they have been used to produce C-S-H model structures at different stages of cement setting, corresponding to different values of the attained density (Materials and Methods). As a measure of the density, we use the packing fraction η, the total fraction of the simulation box volume occupied by the particles, where each particle i of linear size σ i occupies a volume roughly ' π=6σ 3 i (the range of particle sizes considered here has been chosen on the basis of the experimental information available) (13, 17) (Materials and Methods and SI Appendix).
The structural analysis of the simulation results reveals a rich morphology and provides novel insight into several experimental data. Fig. 1 shows the structures obtained for η = 0.33 and η = 0.52 and their characterization (Materials and Methods). The PSDs plotted in Fig. 1A show that nanopores in the range 0-3 nm (the gel pores in the cement literature) represent a significant contribution to the overall porosity of the gel (1) . The data also clearly indicate mesopores of 3-30 nm, the capillary pores extensively discussed in the context of cement transport properties. Fig. 1B shows a representative pore structure at η = 0.52, with a complex pore network. The vast majority of the pores are connected, with a small amount of nanopores being isolated, which has great implications in terms of transport properties of confined fluids (electrolytes) for cement paste durability. As a result of the particle aggregation and the progressive densification of the gel, the population of nanopores and mesopores depends on the overall packing fraction: the lower the η value, the more abundant the mesopores, whereas the nanopores are more abundant as η increases. The PSDs shown here feature all important characteristics obtained in different experiments ranging from N 2 adsorption/desorption to NMR (1, 9, 20, 21) . The quantitative comparison of the PSDs in Fig. 1A with the experiments of N 2 adsorption/desorption of ordinary Portland cement (OPC) samples prepared at different water-to-cement (w/c) ratio (9, 22) suggests that our samples with η = 0.52 could correspond to a cement paste prepared at w/c ' 0.45. After this correspondence, the samples at η = 0.33 could then be thought of as representative of C-S-H in a cement paste prepared with w/c >0.45 (i.e., larger than the minimum amount of water required for a full dissolution/precipitation of all of the clinker grain) (1). Hence, our results also support the idea that the excess of water during hydration (with respect to the 0.4 value) leads to a larger amount of mesopores, which was, indeed, measured (in terms of evaporable water) in the pioneering work by Powers and Brownyard (20) that is sketched in Fig. 1C (adapted from ref. 23) (C indicates a capillary pore).
The statistical analysis of local packing fraction η local (Materials and Methods) reveals sizeable changes with the total packing fraction. Not only the solid material produced on aggregation and densification is structurally heterogeneous over these length scales, but also, the degree of heterogeneity varies at different stages of the setting process and for different w/c ratios of the cement paste. The distributions of the local packing fractions for η = 0.33 and η = 0.52 are plotted in idea that the volume fraction of the mesopores (the capillary volume) found in the hardened, fully hydrated paste gives an indication of the initial w/c ratio. The maxima of η local in Fig. 1D can be used to estimate the porosity of the densest domains (or volume fraction of the gel pores). The resulting volume fraction of the capillary pores, estimated as η=η max , is in agreement with recent X-ray tomographic experiments (24) It is interesting to see that the strands of the C-S-H dense gel, separated by capillary pores, are made of a continuous distribution of packing fractions of the polydisperse C-S-H nanoscale units. For η = 0.52, the densest regions span the whole sample as in a percolation network, suggesting that this part of the material dominates the mechanical response and hence, the results of nanoindentation tests. The spatial organization of the dense domains is strikingly reminiscent of the first models of C-S-H in the work by Powers (23) (Fig. 1C) . In our simulations, such texture naturally emerges from the interactions and the nonequilibrium conditions that drive the densification of the material during cement hydration: because the structure of the gel grows in space and progressively densifies, the densest domains are in the backbone core of the interconnected gel strands covered by layers of gradually less dense material toward the surface of capillary pores (SI Appendix). This trend is more pronounced with increasing overall packing fraction. The structures from the simulations can be compared with small-angle X-ray scattering (SAXS) or SANS data, which are extensively used to characterize and infer texture properties of hardened cement pastes (4, 14, 17, (25) (26) (27) . In Fig. 2A , we plot the scattering intensity computed from the simulation data (Materials and Methods) for η = 0.33 and η = 0.52 and the SANS data from ref. 28 . Apart from the lowest wave vectors (where the simulations data are limited by the system size), the curves can be readily compared, having considered that the calculations are in real physical units but that the signals are not expected to match exactly because of the presence of other hydration products in the experiments (e.g., ettringite, Portlandite, etc.) as opposed to the pure C-S-H of the simulations. At large q values (i.e., q > 1 nm
), we find, in agreement with experiments, a dependence IðqÞ ∼ q −4 typical of a Porod regime (29) , indicating that the C-S-H surfaces have a subnanometric roughness (30) . The Porod regime is followed at smaller q by the same q −3 dependence detected in the experiments that extends over more than one order of magnitude in length and that has been reported and discussed in the literature (4, 13, 27, 31) . The ranges of wave vectors q ' 0.07-0.9 nm −1 indicate significant spatial correlations and heterogeneities over length scales between 3.5 and ' 40 nm, hence suggesting a prominent role of the mesopores in the SANS data. As in experiments (31), the q −3 dependence does not change on decreasing η (from 0.52 to 0.33) and hence, on increasing w/c. We have computed the length distributions of segments (chords) belonging to either the pores or the solid and having both ends on the interface (32). These stereological tools have been proven effective in characterizing porous media (33) . well the large chord-length values of the experimental curve. Both in-pore and in-solid chord-length distributions are compared in Fig. 2C for η = 0.52 (similar results are obtained for η = 0.33). In the range 3-40 nm, the in-pore chord-length distribution is close to an algebraic decay with an exponent ' −1.85, and, within 4 − 40 nm, the in-solid one seems to follow the same decay. This result indicates that the mesopores are irregular in shape and/or have an irregular (rough) surface (34) (35) (36) . Fig. 2E displays a section of the solid from a snapshot at η = 0.52, where the surface roughness can be appreciated. The spatial correlation of the chord length SðrÞ is plotted as a function of the distance along the pore-solid interface in Fig. 2D for η = 0.52 (similar results are obtained for η = 0.33). The data show two distinct regimes: a 1=r dependence at short distances (because of the flat surface of the volume elements used to define the interface) and a much slower decay at larger distances ∼ r −0.15 , indicating that, indeed, the interface is rough and that long-range spatial correlations are present. The data in Fig. 2 C and D suggest that surface correlations caused by the roughness become negligible beyond 40 nm, whereas the in-pore chords data and the scattering intensity indicate that pore sizes and spatial correlations, respectively, extend beyond 40 nm through a fractal distribution of pore volumes. Both the surface and in-pore chord data are consistent with a multiscale rough and porous structure (compatible with a fractal dimension d f ' 2.8 − 3) (36) . The emerging picture is that the extended q −3 regime in the scattering intensity of C-S-H is the result of a unique combination (among other porous materials) of the mesopores surface roughness and the complex (fractal) volume of the mesopore network.
From the in-pore chord-length distributions, knowing the packing fraction of the solid matrix η, we can extract the geometricspecific surface area of our samples as S geo sp = 4ϕ=½ρ s ð1 − ϕÞhli, where ϕ = 1 − η is the global porosity, ρ s is the density of C-S-H particles, and hli is the first moment of the (normalized) chordlength distribution (33, 37) . The specific surface area can be measured in adsorption/desorption experiments (10, 38, 39); ρ s ' 2.43 g=mL is the density of the C-S-H nanoscale grains from atomistic simulations (5, 8) . We use a lower-bound cutoff length r c for the chord-length distribution, which, of course, modifies the measured value S sp : neglecting pores, anfractuosity, and roughness sizes below r c decreases the measured specific surface area. Hence, in Fig. 2F , we plot S sp as a function of r c and obtain S geo sp by extrapolating r c to zero (i.e., probing the pore volume with the whole possible range of chord lengths). We find S sp ' S geo sp =ð0.15 r c + 1Þ, from which we obtain S geo sp = 347 m 2 =g for η = 0.33 and S geo sp = 283 m 2 =g for η = 0.52. These values are, by far, larger than those measured in adsorption experiments (1, 9, 11, 40, 41) , reporting a wide range of S sp values from 50 to 200 m 2 =g, which depend on the initial w/c. Whereas it is wellestablished that adsorption experiments underestimate S geo sp by at least 20% (37, 42) , the span of experimental data depending on the adsorbate (in most cases, nitrogen at 77 K and water at 300 K) is traditionally considered the result of C-S-H structure, because contrary to water, the nitrogen accesses only part of the porosity in C-S-H (typically not the layered nanotexture of C-S-H) (43) . Indeed, the Jennings colloidal model (44, 45) assumes two local densities with pore features designed to justify the difference in water and N 2 measurements. The more complex scenario for pore structure and local densities emerging from our study suggests a different origin of the S sp values. Recent studies (8, 46) point to differences in the drying conditions and have shown that, only in oven-dried C-S-H at 100°C under vacuum, the water of all C-S-H pores (gel and capillary) is completely removed, leaving only water molecules in the nanotexture. In these conditions, the measured specific surface area of C-S-H (using water as an adsorption probe) is S H2O sp = 200 − 300 m 2 =g. These values, once increased by 20% to obtain S geo sp , are close to our estimate. A stable water layer (twomolecules thick), found in simulations and caused by ultrahydrophilicity of C-S-H surface (47) , can block the access of nitrogen to most C-S-H gel porosity when cooled down to 77 K for nitrogen adsorption/desorption experiments. Fig. 2F shows that, with an r c ' 3 nm (i.e., roughly 10 water molecules, meaning that all anfractuosities and pores smaller than that size remain filled with water), we obtain specific surface values of 135 and 115 m 2 /g for η = 0.33 and η = 0.52, respectively. We can attribute these values mainly to the specific surface of the large (capillary) mesopores, and subtracting them from the total specific surface, we get the contributions of the small nanopores, which are ' 168 and ' 212 m 2 =g is the actual intrinsic specific surface area of the denser regions with volume fraction > 0.66. Hence, our data are consistent with the idea that most usual drying conditions hardly affect the cement nanotexture (9, 48), remaining largely hydrated (47) , and the adsorption/desorption experiments only probe the large capillary pores, with amounts increasing with the initial w/c ratio.
Finally, we have performed nanoindentation experiments on hardened cement pastes to determine the nanoscale modulus M and hardness H of the material and measured the same properties in the samples obtained from the simulations (Materials and Methods and SI Appendix). In Fig. 3 A and with excellent agreement. The packing fraction distribution obtained in experiments (Materials and Methods and SI Appendix) is compared with the distribution of η local obtained in the model as shown in Fig. 3C . In these experiments, Portlandite and all other minor phases have been carefully excluded, and the data refer only to the C-S-H phase. For the three samples S1, S2, and S3, the experimental local volume fractions are in the range from 0.54 to 0.8, with a maximum value at η max in the range from 0.62 to 0.7, which is in good agreement with values sampled in the densest domains of the model with η = 0.52. Note that all distributions in Fig. 3C are normalized and that the one obtained from the model for η = 0.52 is normalized in the range 0.6 − 0.8. These densest regions form a connected, spanning cluster (SI Appendix), which is likely to dominate the mechanical properties of the material. The comparison of these data highlights the fact that nanoindentation experiments are mainly sensitive to the densest part (η > 0.6) of the material.
Discussion and Conclusion
In our results, a complex, extended pore network as well as a continuum distribution of local densities compose a physical picture of C-S-H beyond the classic colloidal model based on two distinct local densities (4, 44) . Such complex morphology reconciles a number of different experiments ranging from SANS, chord-length analysis of SEM images, and specific surface area to nanoindentation hardness measurements to a consistent understanding. The mesoscale texture obtained here is consistent with adsorption/desorption experiments, NMR, and PowersBrownyard classic relations estimating capillary and gel pores volumes. The intriguing q −3 behavior of the SANS signal observed experimentally over an unusually large range of distances is due to a unique coexistence of a surface roughness of the capillary pores with a complex (fractal) pore network, all consequences of the interplay between the cohesive nanoscale effective interactions and the out-of-equilibrium conditions in which the material forms during cement hydration. From the calculations of the specific surface area, we have formulated a new perspective on water and nitrogen adsorption experiments: drying conditions may determine which part of the pore population is accessible to the adsorbate, limiting the access to the nanoscale gel pores. Developing further, our findings are at odds with the idea that creep or drying shrinkage could be related to the rearrangement of the water in the subnanotexture of the material (49, 50) (in absence of harsh temperature conditions). Our study delivers for the first time, to our knowledge, a quantitative description of the mesoscale texture of C-S-H and opens the way to elaborating new, physically grounded constitutive models bridging from the nanoscale characterization of the material to its continuum description and its engineering applications (51) (52) (53) .
Materials and Methods
Model for C-S-H. Simulations of C-S-H precipitation were performed using a hybrid scheme of GCMC and MD (18, 19) (SI Appendix). A GCMC cycle consists of N MC attempts of particle insertion or deletion followed by N MD = 100 MD steps in NVT (canonical) ensemble (SI Appendix). R = N MC =ðN MD · L 3 · δtÞ, where L is the length of the simulation box and δt = 0.0025 ffiffiffiffiffiffiffiffiffiffiffiffiffiffi mσ 2 =e p , is the rate of hydrate production. In this work, R = 25 · 10 Structural Properties. The PSDs were computed using the technique used in the work in ref. 54 , where the pore size of a point in the void space is determined by the diameter of the largest sphere that does not overlap with the solid particles. The local packing fraction η local was computed in a spherical region of radius 35 nm around each spherical particle i with radius r i = ffiffiffi 2 12 p σ i (SI Appendix). For the small-angle scattering IðqÞ, we first generated a digitized 3D image of the structure with a voxel size of 0.571 nm, much smaller than the minimum particle diameter of 3.78 nm and well below the box size of 585.54 nm. Having computed the two-point fluctuation autocorrelation function η 2 ðrÞ, the IðqÞ was deduced in absolute scale using the following relation: IðqÞ = −½2πðΔρÞ 2 =q½dðReðη 2 ðqÞÞ=dq, where Δρ is the scattering length density contrast, andη 2 ðqÞ is the 1D Fourier transform of η 2 ðrÞ (36). We also computed IðqÞ using the projection theorem (30) and the digitized projections of the 3D images in x, y, and z directions. Both computations were in good agreement. In both cases, special attention to finite size of the configuration box was taken. In Fig. 2A , the plateau at low wave vector q is associated to a correlation length of about π=q = 40 nm, 10 times smaller than the box size (585.54 nm). This correlation length is also the distance where the algebraic evolution of the two-point pore-solid interface correlation function S(r) ends followed by a plateau at higher correlation distances ( Fig. 2D and SI Appendix) .
Mechanical Properties. The stiffness of the interaction between two particles of size σ is defined as the curvature of the generalized Lennard-Jones potential, and at the local equilibrium distance r m = ffiffiffi 2 12 p σ, it equals e=ð444σ 2 Þ. Assuming that the cohesive strength between particles is the same as for the calcium-silicate layers within a C-S-H grain, we express the interparticle stiffness as YA=r m , where Y is the Young modulus of solid C-S-H [68.4 GPa from atomistic simulations of few nanometers of C-S-H grains (55)], and A = πr 2 m is the cross-section of the applied force. All of this leads to a unit pressure e=σ 3 = 0.51 GPa. The C-S-H configurations were relaxed to zero stress before computing indentation modulus M and hardness H. To compute M, we slightly deform the simulation box in the three axial directions and the three shear planes. The range of strain for the elastic deformation is ±0.005. The indentation modulus M was computed as a linear combination of the bulk K and shear modulus G: M = 4G(3K + G)/(3K + 4G) (56) . The hardness H was computed as in the work in ref. 8 , where the yield stress is quantified by using the 0.2% offset method. We performed simulations with monotonic increase of axial and shear strains by a series of box deformation-energy minimization steps (pure tension, simple shear, and three intermediate combinations of both). For each simulation, we draw a Mohr circle in the axial stress-shear stress plane representing the state of stress when the onset of failure is reached (57) . The Mohr circle has a single tangent line that defines the strength envelope and is described by its shear stress intercept at zero axial stress (cohesion) and its gradient (friction angle). The cohesion and friction angle are used to compute H (58). M and H were computed for configurations with box size of 390.36 nm. Technical details are discussed in SI Appendix.
Experiments. Three cement paste specimens were investigated. The first specimen (S1) was synthesized using oil-well cement, class G and quartz hydrated at w/c = 0.43 for over 1 y. Specimens S2 and S3 were made with ordinary Portland cement type I (OPC CEM-I) and hydrated at room temperature with w/c = 0.35. The hydration reaction was stopped at 24 (S2) and 17 (S3) h with the solvent exchange method (59) . The S3 sample also contained C-S-H seeds. Force-controlled nanoindentation tests were performed to a maximum indentation depth of 300 nm, with a linear loading and unloading rate of 12 mN/min and a dwell time of 5 s (60, 61). M and H were calculated from the raw curves (62, 63) . The indentation results were linked together with chemistry information of Ca, Si, Al, and Fe acquired by backscattered images and elemental maps using an image-processing algorithm to assure one-to-one spatial correlation (60) . The packing fraction distribution of the C-S-H gel is then determined following the micromechanics approach (64) (65) (66) by isolating C-S-H in the coupled indentation-chemistry analysis assuming C-S-H particle stiffness to be 72 ± 3 GPa (8). Technical details are discussed in SI Appendix. 
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